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A B S T R A C T  

Departnient o f  Defense (DoD) D i r e c t i v e  5160.51 o f  
3 1  August  1971  s t a t e s  t h a t  " A 1  1 DoD co~nponents  . .. 
r e f e r  time and t i m e  i n t e r v a l  t o  t h e  s t a n d a r d s  e s -  
t a b l i s h e d  b y  t h e  (U.S. N a v a l )  Obse rva to ry . "  To 
o b t a i  n  t h e  requ  i r e d  t r a c e a b i  1 i ty ,  t h e  mos t  w i  de l  y  
used sys tem f o r  timc d i s s e m i n a t i o n  has becn t h e  
n a v i g a t i o n a l  system o f  t h e  U.S. Coast Guard - 
Loran-C. When t h e  o n l y  c h a i n  a v a i l a b l e  f o r  t i m i n c  
was t h e  East  Coast  cha in ,  m o n i t o r e d  by t h e  Obser-  
v a t o r y ,  t h e r e  was no p r o b l e m  i n  p u b l i s h i n g  c a m p a r i -  
sons o f  t h a t  c h a i n  t o  t h e  U.S. Naval O b s e r v a t o r y ' s  
Master  C lock  (USNO M C )  w i t h  a f a i r  degree o f  r e l i -  
a b i  1 i t y .  By 1981, however, t h i r t e e n  cha ins ,  c o v e r -  
i n g  a substantial p o r t i o n  o f  t h e  N o r t h e r n  Herni- 
sphere, were i n  use. The q u e s t i o n  o f  how t h e  t i m e  
co inpar isons  were t o  be  ob ta ined ,  t h e  c h a i n s  c a l  i - 
b ra ted ,  and t h e  r e s u l t s  p u b l i s h e d  f o r  c h a i n s  n o t  
d i r e c t l y  m o n i t o r e d  b y  USND then  a rose .  

D u r i n g  t h i s  same p e r i o d ,  t h e  number o f  1 i n k s  p e r m i t -  
t i n g  t i m e  t r a n s f e r s  p o i n t - t o - p o i n t  o v e r  t h e  Defense 
S a t e l l i t e  Communicat ion Systcm ( D S C S )  were b e i n g  c x -  
panded. I n  a d d i t i o n ,  a t  some s e l e c t e d  s i t e s ,  Loran-C 
m o n i t o r i n g  equipment was i n s t a l l e d .  I t  was now pos-  
s i b l e  t o  have v a l u e s  o f  USNO WC - DSCS M o n i t o r i n g  
S i t e  and thus  t o  be  a b l e  t o  d e t e r m i n e  USNO F1C minus  
Loran - C.  

T h i s  paper  addresses,  i n  yenera1 terms, t h e  methods 
used i n  f o r m i n g  t i m e  s c a l e s  f o r  d i s t a n t  s i t e s  m o n i -  
t o r i n g  Loran-C. P a r t i c u l a r  evpbasis w i l l  b e  g i v e n  
t o  t h e  t i m e  t r a n s f e r s  o b t a i n e d  v i a  t h e  DSCS and on  
how t h e  d a t a  p r o v i d e d  by  t h i s  systern i s  used t o  c a l -  
i b r a t e  these  remote t i m c  s c a l e s .  The e r r o r s  i n v o l v e d  
w i l l  be  d i s c u s s e d .  
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INTRODUCTION: C l o s e l y  r e l a t e d  t o  t h e  U.S. Naval O b s e r v a t o r y ' s  (NAvOBSY) 
b a s i c  m i s s i o n  o f  p r o v i d i n g  a s t r o n o m i c a l  and t i m e  d a t a  t o  a l l  "who a v a i l  
themselves t h e r e o f "  a r e  t h e  add i  t i o n a l  f u n c t i o n s  imposed by  DoD Di  r e c -  
t i v e  5 1 6 0 . 5 1  o f  3 1  August 1971. The i m p o s i t i o n  o f  t h e s e  f u n c t i o n s  r e -  
q u i r e d  (1) an u p g r a d i n g  o f  t h e  Mas te r  C lack  system, ( 2 )  improvement i n  
d i s t r i b u t i o n  s e r v i c e s  and ( 3 )  an expanded means o f  m a i n t a i n i n g  t r a c e a -  
b i l  i t y  t o  USNO MC. 

The u p g r a d i n g  i n c l u d e d  such i t ems  as pu rchase  o f  a d d i t i o n a l  cesium c locks ,  
improved Data A c q u i s i t i o n  and C o n t r o l  (DAC) systems - an IBM S c r i e s  1 
and a Hew le t t -Packa rd  1000 - i n s t a l l a t i o n  o f  b e t t e r  env i ronmen ta l  cham- 
b e r s  and improved a l g o r i t h m s  f o r  t h e  f o r m a t i o n  o f  t h e  USMD I1C t i m e  s c a l e .  
To improve t h e  d i s t r i b u t i o n  s e r v i c e s ,  an i n c r e a s e d  number o f  Time S e r v i c e  
Announcements were made a v a i l a b l e .  More than  1000 p i e c e s  o f  m a i l  a r e  
now d i s t r i b u t e d  week ly .  T h i s  m a i l  s e r v i c e  i s  supplemented by  te lephone  
v o i c e  announcements and niore r e c e n t l y  ( a l b e i t  on  an exper imen ta l  b a s i s )  
by t h e  D i g i t a l  Data Access System ( 1 , 2 ) .  T r a c e a b i l i t y  t o  t h e  U S N O  MC, 
f o r  t h e  g r e a t e s t  number o f  users,  i s  s t i l l  p r o v i d e d  by t h e  Loran-C sys tem 
m a i n t a i n e d  by  t h e  U.S. Coast Guard. D u r i n g  t h e  p e r i o d  1967-1981 ,  NAVOBSY 
expanded t h e  Loran-C t i m i n g  i n f o r m a t i o n  i t  p r o v i d e d  t o  t h e  u s e r  cornmu- 
n i t y .  From p r o v i d i n g  d a t a  o n l y  f o r  t h e  Eas t  Coast chain,  m o n i t o r e d  a t  
NAVOBSY, t h e  d i f f e r e n c e s  between USNO MC and t h i r t e e n  Loran-C c h a i n s  a r e  
now r o u t i n e l y  p u b l i s h e d .  The body of  t h i s  paper w i l l  dea l  w i t h  how these  
d a i l y  r e l a t i o n s h i p s  a r e  de te rm ined  ( i n  p a r t i c u l a r  f o r  t h e  d i s t a n t  c h a i n s )  
and how these  r e l a t i o n s h i p s  a r e  c a l i b r a t e d .  

NAVOBSY MONITORING SITE: P r e s e n t l y  NAVOBSY m o n i t o r s  f o u r  Loran-C c h a i n s .  
These c h a i n s  a r e  t h e  N o r t h e a s t  USA (9960), t h e  Southeast  USA (79801, t h e  
Great  Lakes ( 8 9 7 0 )  and t h e  Eas t  Coast o f  Canada ( 5 9 3 0 ) .  The d a i l y  t imes  
o f  r e c e p t i o n  f r o m  s e v e r a l  r e c e i v e r s  f o r  each o f  t h e  f o u r  c h a i n s  a r e  c o l -  
l ec ted ,  t h e  d e l a y s  sub t rac ted ,  and t h e  v a l u e s  averaged by  t h e  HPlOOO DAC: 
T h i s  i n f o r m a t i o n  i s  t hen  p u b l i s h e d .  By u s i n g  these  d a t a  and measure- 
ments f r o m  m o n i t o r i n g  s i t e s  ( T a b l e  1) wh ich  c o n t r i b u t e  t o  t h e  NAVOBSY 
d a t a  base, r e l a t i o n s h i p s  between USNO MC and more d i s t a n t  c h a i n s  a r e  de- 
t e r m i n e d  and p u b l i s h e d .  For example, t h e  U.S. Coast Gyard s t a t i o n  a t  
Cape Race, Newfoundland p r o v i d e s  t h e  d a i l y  d i f f e r e n c e  between t h e  East  
Coast o f  Canada (5330)  and t h e  N o r t h  A t l a n t i c  (7930)  c h a i n s .  By a s im-  
p l e  c a l c u l a t i o n ,  then, o f  USNO MC - ~ C / 5 9 3 0  p l u s  LC/5930 - LC/7930 one 
o b t a i n s  USNO MC - LC/7930. T h i s  p rocedure  c o n t i n u e s  f o r  o t h e r  e a s t e r n  
cha ins .  

A d i f f i c u l t y  a r i s e s  i n  t h i s  ' l i n k i n g '  - seasonal  e f f e c t s  as  l a r g e  as  one 
microsecond have been seen i n  p r o p a g a t i o n  p a t h  d e l a y s  a t  NAVOBSY. These 
e f f e c t s  w i l l  be r e f l e c t e d  i n  Loran-C d a t a  where ' l i n k i n g '  i s  used. Some 
r e c e n t  ana lyses  b y  Ponger ( 3 )  o f  t h e  U.S. Naval Observa to ry  Time S e r v i c e  
Subs ta t  i o n  (NOTSS) con f  i rmed t h e  e a r l  i e r  p r o p a ~ a t  i o n  s t u d i e s  b y  Char ron 
( 4 ) .  I n  F i g u r e  1 t h e  d i f f e r e n c e s  USNO WC - NOTSS v i a  t h e  Sou theas t  USA 
c h a i n  a r e  p l o t t e d .  I t  appears  t h a t  t h e  NOTSS t i m e  s c a l e  changed i n  f r e -  



quency w i t h  r e s p e c t  t o  USNO KC. T h i s  chanre, however, i s  d e c e p t i v e  - i t  

i s  n o t  a change i n  t h e  NOTSS t i m e  s c a l e  ( w h i c h  was c a l  i b r a t e d  t h r o u g h  
p o r t a b l e  c l o c k  v i s i t s  d u r i n g  t h i s  p e r i o d )  b u t  i n s t e a d  i s  due t o  a change 
i n  t h e  p r o p a g a t i o n  p a t h  d e l a y  between N A V O B S Y  and C a r o l i n a  Beach, NC, a  
t r a n s m i t t i n g  s t a t i o n  o f  t h e  7 9 8 0  c h a i n .  

PRECISE T l M E  REFERENCE S T A T I O N  ( P T R S ) ,  a c c o r d i n p  t o  Ref .  5, " b y  agreement, 
m a i n t a i n s  a t  l e a s t  one atani i  c c l o c k  c o o r d i n a t e d  wi  tti t h e  N A V O B S Y  t h a s e r  
Clock; i s  l i n k e d  t o  t h e  NAVOBSY v i a  p o r t a b l e  c l o c k  and a t  l e a s t  one o t h e r  
h i g h  p r e c i s i o n  t i m e  transfer techn ique;  can t r a n s f e r  t i m e  w i t h  a p r e c i -  
s i a n  o f  100 nanoseconds..," .  These s t a t i o n s ,  h a v i n g  been e s t a b l i s h e d  f o r  
t h e i r  own o r g a n i z a t i o n a l  requ i remen ts ,  a r e  a l l  independent  o f  one a n o t h e r  
and o f  NAVOBSY. Only by agrecnient do t h e y  t r a n s m i t  d a t a  t o  KAVOBSY. 
Even though NAVOBSY has no  o f f i c i a l  c o n t r o l  o f  t b e  o p e r a t i o n  o f  t hese  
s t a t  ions,  t h e  d a t a  r e c e i v e d  f r o m  them p r o v i d e s  a n o t h e r  n e t h o d  o f  pro-  
v i d i n g  compar isons  between USNO f+'C and a Loran-C c h a i n .  N A V q B S Y  adop ts  
t h e  d a i l y  v a l u e s  o f  USNO PC - P T R S  ( a s  de te rm ined  by t h e  P T R S )  and i t s  
m o n i t o r e d  Loran-C da ta .  T h i s  i s r tbat  i s  done f o r  t t ~ e  \Jest Coast USA 
( 9 9 4 0 )  and t h e  West Coast o f  Canada ( 5 9 r 1 0 ) .  Frequen t  p o r t a b l e  c l o c k  v i s -  
i t s  a r e  t h e  means used t o  c a l i b r a t e  t h e  PTRS, and thus  t h e s e  Loran-C 
c h a i n s .  That p o r t a b l e  c l o c k  v i s i t s  a l o n e  a r e  i n s u f f i c i e n t  f o r  c a l i b r a -  
t i o n  may be seen i n  t h e  f a c t  t h a t  d i s c o n t i n u i t i e s  as sr i ial l  as 0.3 m i c r o -  
second and as l a r g e  as  1 . 5  mic roseconds have been r e p o r t e d  i n  t h e  T i n e  
S e r v i c e  Announcements S e r i e s  4 .  The discontinuities o r  jumps seen i n  F i -  
g u r e  2 a r e  n o t  due t o  changes o r  d i s c o n t i n u i t i e s  a t  t h e  Loran-C s t a t i o n  
b u t  a r e  due t o  u n d e t e c t e d  f r e q u e n c y  changes i n  t k e  P T R S  t i n e  s c a l e .  S i n c e  
b o t h  c h a i n s  a r e  dependent  upon t h e  same PTRS, any e r r o r  i n  t h e  c a l c u l a -  
t i o n  a t  t h e  PTRS w i l l  be seen as d i s c o n t i n u i t i e s  i n  b o t h  c h a i n s .  I n  d e -  
v e l o p i n g  t h e  method o f  remote t i m e  s c a l e  d e t e r m i n a t i o n  o f  Loran-C, a c n q -  
p a r i s o n  o f  t h e  v a l u e s  as c a l c u l a t e d  a t  t h e  PTRS (and t h e n  p u b l i s h e d  by 
NAVOBSY) and t h o s e  v a l u e s  o b t a i n e d  u s i n g  t h e  remote t i m e  s c a l e  were e x -  
amined ( F i g u r e  3 ) .  As can be seen i n  t h i s  p l o t ,  each jump t h a t  o c c u r r e d  
i n  t h e  S e r i e s  4 d a t a  b r o u g h t  t h e  v a l u c s  o f  USND PC - LC/9940 (as  pub- 
l i s h e d )  i n t o  agreement w i t h  t h o s e  o b t a i n e d  u s i n g  t h e  t i m e  s c a l e  method. 

REMOTE T l M E  SCALES: F a r t h e r  west, g r e a t e r  d i f f i c u l t i e s  a r e  encoun te red  
i n  d e t e r m i n i n g  d a i l y  v a l u e s  o f  USrlO F!C - Loran-C cha ins ,  namely, t h e  Cen- 
t r a l  P a c i f i c  (4990) ,  t h e  G u l f  o f  A laska  (7960), t h e  N o r t h e r n  P a c i f i c  
(9990) and t h e  Nor thwesr  P a c i f i c  (!l970). Dependence upon a PTRS, c a l i -  
b r a t e d  t h r o u g h  f r e q u e n t  p o r t a b l e  c lock  v i s i t s ,  i s  n o t  p r a c t i c a l .  The 
d i s t a n c e  and r e s u l t i n g  c o s t s  may a l l o w  o n l y  y e a r l y  t r i p s ,  The n e t h o d  now 
used t o  o b t a i n  v a l u e s  f o r  t hese  c h a i n s  - t o  a g r e a t e r  n r  l e s s e r  degree - 
c o n s i s t s  o f  f o r m i n g  a t ime  s c a l e  f o r  each Loran-C c h a i n  u s i n g  t h e  average 
o f  a number o f  a t o m i c  c l o c k s  wh ich  w i l l  be l o r e  u n i f o r m  and s t a b l e  t h a n  
any c l o c k  c o n t r i b u t i n g  t o  t h e  t ime  s c a l e .  

To implement t h i s  approach f o r  a  p a r t i c u l a r  cha in ,  a search  i s  made o f  
t h e  p e r t i n e n t  d a t a  bases ( T a b l e  2 )  t o  l o c a t e  t h e  r e q u i r e d  d a t a  w h i c h  i n -  



c l u d e s  a p p r o x i m a t e l y  1 8  months o f  d a i l y  Loran-C measurements f r o m  as many 
m o n i t o r i n g  s i t e s  as p o s s i b l e  and s e v e r a l  p o r t a b l e  c l o c k  measurements made 
a t  t h e  d i f f e r e n t  s i t e s  a t  d i f f e r e n t  t i m c s  d u r i n g  t h a t  p e r i o d .  

From t h e s e  data, a d e l a y  (sum o f  d e l a y s  f rom p r o p a g a t i o n  path, r e c e i v e r ,  
antenna, e t c )  i s  d e t e r m i n e d  f o r  each s i t e .  A s e r i e s  o f  s t r a i ~ h t  l i n e s  
t h e n  g i v e s  v a l u e s  o f  USNO M C  - S i t e  f o r  a l l  s i t e s .  The measurement, 
S i t e  - Loran-C, minus a p p r o p r i a t e  d e l a y  a r e  added t o  t h e  USNO fJ,C - S i t e  
va lues .  T h i s  a l l o w s  one t o  o b t a i n  J compar ison o f  USNC I.1C - Loran-C v i a  
each s i t e .  These i n d i v i d u a l  v a l u e s  a r e  then  averaged t o  f o r m  a MEAN and 
t h e  d i f f e r e n c e  between t h e  i n d i v i d u a l  v a l u e s  and t h e  MEAN i s  c a l c u l a t e d .  
As necessary,  new s e r i e s  o f  s t r a i p h t  l i n e s  a r e  de te rm ined  so t h a t  t h e  i n -  
d i v i d u a l  v a l u e s  o f  USNO MC - Loran-C ag ree  w i t h  t h e  MEAN t o  w i t h i n  some 
s p e c i f i e d  t o l e r a n c e .  Values o f  USNO MC minus each S i t e  a r e  c a l c u l a t e d  
u s i n g  t he  MEAN v a l u e  o f  USNO MC - Loran-C. These v a l u e s  must  ag ree  w i t h  
t h e  v a l u e s  o b t a i n e d  b y  p o r t a b l e  c l o c k  measurements. I n  t h i s  r e i t e r a t i v e  
process, i t  i s  assumed ( a )  t h a t  t h e  cesiums used f o r  measurements a r e  
' f r e e - r u n n i n g ' ,  t h a t  is ,  t h a t  none are, f o r  example, s t e e r e d  t o  f o l l o w  
t h e  p u b l i s h e d  v a l u e s  o f  Loran-C and ( b )  t h a t  cesiums w i l l  n o t  spontane-  
o u s l y  change, by  t h e  same amount, i n  t i m e  and/or  f r e q u e n c y  s i m u l t a n e o u s -  

l y .  

Once a t i m e  s c a l e  i s  formed f o r  an i n d i v i d u a l  cha in ,  a g r e a t  deal o f  
judgement must  be  e x e r c i s e d  i n  c o n t i n u i n g  t h e  p rocess .  What has changed 
w i t h  r e s p e c t  t o  what m u s t  be  d e c i d e d  ( r a t e  c o r r e l a t i o n ) ?  D i d  a ces ium a t  
a p a r t i c u l a r  m o n i t o r i n g  s i t e  change f r e q u e n c y ?  D i d  one o r  more f a i l ?  
Were some ad jus ted,  r e p l a c e d  o r  removed? These a r e  r e c u r r i n g  q u e s t i o n s  
and must  be d e a l t  w i t h  as each new p i e c e  o f  i n f o r m a t i o n  i s  r e c e i v e d .  Cur- 
r e n t  d a t a  f r o m  more t h a n  one s i t e  a r e  a lways needed b u t  seldom o b t a i n e d .  
The c o n t i n u e d  accu racy  o f  t h e  c h a i n  i s  m a i n t a i n e d  by  r e l i a n c e  upon t h e  
o c c a s i o n a l  c l o c k  t r i p  and t i m e  t r a n s f e r s  from DSCS t e r m i n a l s .  

DEFENSE SATELL ITE  COMblUNICATION SYSTEM ( D S C S ) :  Thus fa r ,  t h e  o n l y  means 
o f  c a l i b r a t i n g  t h e  Loran-C c h a i n s  men t ioned  has been p o r t a b l e  c l o c k  v i s i t s  
t o  some m o n i t o r i n g  s i t e s .  However, t h e  t r i p s  a r e  i n f r e q u e n t ,  c o s t l y  and 
t h e  measurements made a r e  a l s o  s u b j e c t  t o  e r r o r .  Examples i n c l u d e  i n c o r -  
r e c t  i d e n t i f i c a t i o n  o f  s i t e ,  o f  cesiurn/mcasured re ference,  o f  da te / t ime ,  
and/or  s t a r t / s t o p  p u l s e .  I n  a d d i t i o n ,  d u r i n g  t h e  t r i p ,  changes o f  t h e  
p o r t a b l e  c l o c k  i n  t i m e  and/or  f r e q u e n c y  w i t h  r e s p e c t  t o  USNO CiC a r e  n o t  
uncommon. I n  F i g u r e  4, v a l u e s  o f  USNO MC minus PC1368 as c o l l e c t e d  b y  
t h e  DAC b e f o r e  and a f t e r  a  p o r t a b l e  c l o c k  t r i p  a r e  p l o t t e d .  I f  an e x -  
t r a p o l a t i o n  o f  t h e  f r e q u e n c y  o f f s e t  was used i n  d e t e r m i n i n g  USNO M C  m i -  

nus - S i t e  d u r i n g  t h e  t r i p ,  an e r r o r  as  l a r g e  a s  0.300 microsecond c o u l d  
have r e s u l t e d .  

A second means o f  c a l i b r a t i o n  i s  p o s s i b l e  by  use o f  t h e  DSCS. By t h e  m i d -  
1970ts, t i m e  t r a n s f e r s  between e a r t h  t e r m i n a l s  were  b e i n g  r e g u l a r l y  p e r -  
formed. The d i f f e r e n c e s  between t h e  cesiums a t  each t e r m i n a l ,  as  deter-  



mined  f r o m  t h e  t i m e  t r a n s f e r s ,  w e r e  r e g u l a r l y  t r a n s m i t t e d  v i a  t e l e t y p e  t o  
NAVOBSY and became p a r t  o f  a d a t a  b a s e .  ( R e f e r e n c e  6 d e t a i l s  t h e  p r o c e -  
d u r e s  u s e d  i n  p r o c e s s i n g  t h e s e  d a t a . )  Some t e r m i n a l s  w e r e  e i t h e r  m o n i -  
t o r i n g  L o r a n - C  o r  had  a c o n n e c t i o n  v i a  c a b l e / p o r t a b l e  c l o c k  t o  a m o n i t o r -  
i n g  s i t e  ( F i g u r e  5 ) .  Such w a s  t h e  c a s e  a t  E l m e n d o r f  AFG, AK .  

P r i o r  t o  1979,  t h e  P r e c i s e  Keasurement  E l e c t r o n i c s  L a b o r a t o r y  (PMEL) a t  
E l m e n d o r f  AFB  a c t e d  as  a PTRS, d e s c r i b e d  e a r l i e r ,  f o r  t h e  N o r t h e r n  P s c i -  
f i c  ( 9 9 9 0 )  c h a i n .  ( D a t a  f o r  t h e  u n t i m e d  G u l f  o f  A l a s k a  ( 7 9 6 0 ) ,  a l t h o u ~ h  
m o n i t o r e d  b y  PEEL, was n o t  u s e d  b y  NAVGBSY,) T r a n s m i t t e d  t o  NAVOBSY we re  
( a )  t h e  d a i l y  measures  o f  t h e  LC/9990 and t h e  LC/79GO c h a i n s ,  ( b )  t h e  
d a i l y  i n t e r c o m p a r i s o n s  o f  O n m $ i t e  ces i ums  and ( c )  t h e  w e e k l y  p o r t a b l e  
c l o c k  measurements  be tween  PKEL and t h e  s a t e 1  1 i t e  t e r m i n a l  (ELM).  

A t  t h e  same t i m e  NAVOBSY a l s o  r e c e i v e d  t h e  t i n e  t r a n s f e r  d a t a  be tween  t h e  
E l m e n d o r f  (ELI,!) s a t e l l i t e  t e r m i n a l  and t h e  F t .  D e t r i c k ,  Md ( F D s )  t e r m i -  
n a l .  One, t h e r e f o r e ,  had  

USNO M C  - FDS v i a  T V  l i n e  10  
+ FDS - ELI4 v i a  t i ~ n e  t r a n s f e r  

PKEL - ELI? v i a  p o r t a b l e  c l o c k  v i s i t s  
USI.40 t ic  - Pb"L , 

By a d d i n g  t h e  o n - s i t e  i n t e r c o m p a r i s o n s  t o  t h i s  v a l u e ,  a r e l a t i o n s h i p  b e -  
tween  USNO PIC and a l l  o f  t h e  o n - s i t e  ces i ums  w a s  o b t a i n e d ,  

A t i m e  s c a l e ,  a s  d e s c r i b e d  e a r l  i e r ,  was  f o r l e d  f o r  each  PIIEL c e s i u v  and 
an  a v e r a g e d  v a l u e  o f  US l lO  PC - LC/9990 and US:lO C1C - LC /7960  was c a l c u -  
l a t e d .  I t  was n o t e d  t h a t  t h e  a v e r a g e d  d e t e r n i n a t  i o n  o f  USliG I ' C  - LC/9990 
n o t  o n l y  d i d  n o t  a g r e e  i n  t i m e  b u t  t h a t  t h e  f r e q u e n y  o f f s e t  d i f f e r e d  ( ~ i -  
g u r e  6 ) .  I t  was d e c i d e d  t h a t  p u b l i c a t i o n  o f  d a t a  f o r  t h i s  c h a i n  w o u l d  be  
suspended  t e m p o r a r i l y  and  t h a t  a  p o r t a b l e  c l o c k  team k n o w l e d ~ a b l e  i n  
Lo ran -C  o p e r a t i o n s  w o u l d  v i s i t  E lmendo r f  AFB a s  soon  a5  p o s s i b l e .  The 
t r i p  was made i n  December 1978 .  A t h o r o u g h  e x a m i n a t i o n  o f  s i t e s  a t  PREL 
and ELM and a l s o  a t  a NASA s i t e  i n  F a i r b a n k s ,  AK was made, D e l a y s  i n  t h e  
m o n i t o r i n g  sys tems  w e r e  c a l i b r a t e d .  I t  was f ound  t h a t  t h e  L o r a n - C  d e t e r -  
m i n a t i o n s  v i a  t h e  t i m e  s c a l e ,  c a l i b r a t e d  b y  u s i n g  t h e  w e e k l y  DSCS t i n e  
t r a n s f e r s ,  w e r e  a c c u r a t e .  S i n c e  then,  t h e  v a l u e s  p u b l i s h e d  i n  Time S e r -  
v i c e  Announcement S e r i e s  4 h a v e  been  d e t e r n i i n c d  i n  t h i s  r i anne r .  I n  a d d i -  
t i o n ,  t h e  7 9 6 0  c h a i n  w a s  s e t  on t i l e  and p u b l i c a t i o n  o f  UStIO PC - LC/79CO 
began.  I n  F i g u r e  7, t h e  v a l u e s  d e t e r m i n e d  u s i n g  t h e  t i - i e  s c a l e  a r e  p l o t -  
t ed .  The DSCS t i m e  t r a n s f e r s ,  u s e d  as c a l i b r a t i o n  p o i n t s ,  a l s o  a r e  seen.  
The d i f f e r e n c e s  be tween  USNO MC and t h e  c e s i u n s  a t  t h e  PPqEL, c a l c u l a t e d  
v i a  t h e  r e m o t e  t i m e  s c a l e  and  a  r e c e n t  p o r t a t l e  c l o c k  measurement,  a g r e e d  
t o  w i t h i n  0 .090  m i c r o s e c o n d .  

The c o m b i n a t i o n  o f  r emo te  t i n e  s c a l e s  and t i n e  t r a n s f e r s  i s  a  v e r y  u s e -  
f u l  t o o l .  B e s i d e s  b e i n g  r o u t i n e l y  u s e d  i n  A l a s k a  f o r  t h e  9990 and 7 9 6 0  
c h a i n s ,  i t  i s  a l s o  now u s e d  f o r  t h e  9970 c h a i n  and t o  some d e r r e e  f o r  t h e  
4990 c h a i n .  



I n  d e t e r m i n i n g  the  f e a s i b i l i t y  o f  t h i s  method f o r  Laran-C t i n l i n g  and f o r  
p o s s i b l e  f u r t h e r  a p p l i c a t i o n s ,  a t i m e  s c a l e  a l s o  was fo rmed f o r  t h e  9940  
c h a i n .  The MEAN, o r  averaged va lue ,  o f  USNO M C  - LC/9940 was used t o  de-  
t e r m i n e  t h e  r e l a t i o n s h i p  between N A V O B S Y  and t h e  N a t i o n a l  Bureau o f  S tan -  
dards  ( N B S ) .  I n  F i g u r e  8, v a l u e s  o f  USNO M C  - NBS v i a  ( a )  9940 Loran-C 
t i m e  sca le ,  ( b )  p o r t a b l e  c l o c k  measurements, ( c )  OSCS t i m e  t r a n s f e r s  and 
( d )  Bureau l n t e r n a t i o a n  de 1 'Heure ( B I H )  a r e  p l o t t e d .  I t  appears t h a t  
t h e r e  i s  some seasona l  e f f e c t  on t h e  o r d e r  o f  0.5 m ic rosecond  i n  t h e  v a l -  
ues o b t a i n e d  u s i n g  t h e  BIH C i r c u l a r  D da ta .  

CONCLUSIONS: Each method o f  d e t e r m i n i n g  t h e  r e l a t i o n s h i p s  between USNO MC 
and Loran-C and each method o f  c a l i b r a t i n g  t h a t  r e l a t i o n s h i p  i s  s u b j e c t  
t o  p o s s i b l e  e r r o r .  Dependence upon one d a t a  p o i n t ,  whe the r  i t  be a  p o r -  
t a b l e  c l o c k  measurement, a DSCS t i m e  t r a n s f e r  o r  a Loran-C measurement, 
can r e s u l t  i n  e r roneous  c o n c l u s i o n s .  I n  F i g u r e  9, a  means o f  r e l a t i n g  
Loran-C c h a i n s  t o  each o t h e r  and USNO PC t h r o u g h  DSCS t e r m i n a l s  and some 
s t r a t e g i c a l l y  l o c a t e d  m o n i t o r i n g  s t a t i o n s  (noda l  p o i n t s )  can be seen. 
The expans ion  and s t r e n g t h e n i n g  o f  t h e  r e l a t i o n s h i p s  shown can o n l y  s e r v e  
t o  improve t r a c e a b i l i t y  t o  USNO MC f o r  t h o s e  u s e r s  o f  Loran-C. 

More e x t e n s i v e  use o f  remote t i m e  s c a l e s  and g r e a t e r  c o r r e l a t i o n  o f  t h e  
i n f o r m a t i o n  c o n t a i n e d  i n  t h e  d a t a  bases make p o s s i b l e :  

1) B e t t e r  d e t e r m i n a t i o n s  o f  USNO M C  - Loran-C and 
t h u s  b e t t e r  w o r l d - w i d e  s y n c h r o n i z a t i o n  f o r  t h o s e  
u s e r s  o f  Loran-C 

2 )  B e t t e r  d e t e r m i n a t i o n  o f  t i m e  and/or  f r e q u e n c y  
changes i n  t h e  cesiums a t  d i s t a n t  s i t e s .  I t  i s  
p o s s i b l e  t o  r e s o l v e  a m b i g u i t i e s  i n  da ta .  Use o f  
remote t i m e  s c a l e s  p r o v i d e s  i n f o r m a t i o n  necess-  
a r y  t o  respond q u i c k l y  t o  r e q u i r e m e n t s  f o r  ces ium 
a d j u s t m e n t s  a t  DSCS t e r m i n a l s .  

3 )  Improvements i n  t o t a l  d e l a y  d e t e r m i n a t i o n s .  
4 )  Some m o n i t o r i n g  o f  p o r t a b l e  c l o c k  b e h a v i o r  i n  t h e  

f i e l d .  
5 )  F u r t h e r  s t u d i e s  o f  seasonal  and annual  te rms i n  

p r o p a g a t i o n  p a t h  d e l a y s .  
G )  F u r t h e r  s t u d i e s  o f  t h e  r e l a t i o n s h i p s  between i n -  

t e r n a t i o n a l  t i m e  s c a l e s  (USNO, NBS, BIH, e t c ) .  
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T A B L E  1 

REPRESENTAT l VE SAMPLE o f  EiON l TOR I NG STAT I OrIS 

7970 
NORWEGIAN SEA 

71180 
SOUTHEAST USP, 

7 9 9 0  
I ' E D I  TERRANEAN SCA 

0 P FRANCE i l  AVOBSY OF FRANCE 
H P SW l TZERLANE FJOTSS R  I CHF1Of.IC, FL  HP SW l TZERLAND 
0 N SLJI TZERLAND AGKC NEWARK AFS, OH ON SLJI TZERLAND 
NPL ENGLAND W t l  I TE SANDS l,l l SS I L E  I EL1 I T A L Y  
RGO ENGLAND RANGE, NP! RGO ENGLAND 
NAVSECGRU SCOTLANC NAVSECGRU I T A L Y  

8 9 7 0  
GREAT L A K E S  

NAVOBSY 

I) 9 G O 9990 
PIORTHEAST USA NORTH P A C I F I C  

PJAVOBSY PPlEL ELFiENDORF 
NOTSS R I C H f ' O N D ,  F L  NASA FA l RBAN KS 
AGPjC NELIARK AFS, 01-1 Si lE f4YA AFB, A K  
P I ~ S  BOIILDER, co :':DSCS ELPFNDORF 

;:I ND I RECT KEASURE 

T A B L E  2 

U.S. NAVAL OBSERVATORY C A T A  B A S E S  

INTERC0F:PAKISONS OF C E S I U M  CLOCKS NAVODSY T I P E  SCALES 

OFqEGA MEASUREClENTS S A T E L L  I TE T I  III IJG I NFOR- 
M A T I O N  (DSCS,TRANSIT)  

LORAN-C MEASUREGENTS U T C ( B 1 t i )  - U T C ( ~ )  

REMOTE T I M E  SCALES FOR CIONI TOR- 
I N G  SITES 

EARTF OR I ENTAT 1 ON PARAPIE- 
TERS ( u T ~ ,  POLAR C O -  
O R D  I N A T E S )  

PORTABLE CLOCK REDUCTIONS ASTRONOblI CAL  OBSERVAT I OP4S 
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F I G U R E  1 

COMPARISON OF USNO MC - NOTSS 
v i a  7 9 8 0  Loran-C 

The change o f  a p p r o x i m a t e l y  0.4 m ic rosecond  seen i n  
t h i s  f i g u r e  f rom Reference 3 i s  not  due t o  changes 
i n  t h e  t i m e  s c a l e  a t  NOTSS b u t ,  r a t h e r ,  i s  due t o  t h e  
seasonal  e f f e c t  o n  t h e  p r o p a g a t i o n  p a t h  d e l a y  between 
USNO and t h e  t r a n s m i t t i n g  s t a t i o n  o f  t h e  7 9 8 0  c h a i n .  



USNOMC - 9940 RND 5990 
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FIGURE 2 

These are the published Series 4 values for the 9940 (darker trace) and 
the 5990 chains, The discontinuities (marked by arrows) seen in both 
chains occur after portable clock calibrations o f  the PTRS which deter- 
mine t h e  values for these chains. 

FIGURE 3 

The heavy tracing is composed of the averaged values obtained using the 
time scale reduction method. The second trace consists of the values 
which were published in Series 4 obtained using the PTRS procedure. The 
discontinuities, maked with an arrow, are t h e  results of portable clock 
calibrations at the PTRS. Note  t h a t  after each discontinuity, the 
Series 4 values become co-incident with the t i m e  scale values. 



FIGURE 4 

C O I 4 P A R  I SON: USNO K C  - P C 1 3 6 8  
T r i p  o f  13 J u l y  - 10 August  1 9 8 1  

The DAC s y s t e m  collected t h e s e  d a t a  b e f o r e  and a f t e r  a r e -  
c e n t  portable c l o c k  t r i p .  T i m  and /o r  f r e q u e n c y  c h a n g e ( s )  
o c c u r r e d :  such changes  a r e  n o t  uncommon. 



FIGURE 5 

HIERARCHY OF T l M E  TRANSFERS PERFORMED BY THE DSCS TERMINALS 
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G I  S 
GN D 
L A J  
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C P S 

FT.  DETRICK, MD 
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FIGURE 6 

The t r a c e  labelled, A, i s  t h e  difference between 
v a l u e s  d e t e r m i n e d  a PTRS ( T r a c e  B )  and those o b -  
tained f r o m  the  t i m e  s c a l e  m e t h o d  ( T r a c e  C ) .  
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